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ABSTRACT
To explore the possibilities of the potential use of photochrom-
ism of triarylmethane leucohydroxides and leucobisulfites , five leu-
cohydroxides (see Table [5]) and five leucobisulfites were synthesized
and two leucohydroxides and one leucobisulfite were investigated in a
variety of solvents with different Brownstein Coefficients. Malachite
green leucohydroxide and crystal violet leucohydroxide showed opposite
behavior in the same basic solutions, while both of them were dramati
cally affected by the change in solutions basicity. Photodegradation
induced by repeated exposure (fatigue) manifested itself in the form
of lower photo -induced optical density, with a constant halflife in
malachite green leucohydroxide and in the form of longer halflife and
constant optical density in crystal violet leucohydroxide. The three




To the memory of my friend and teacher who was the finest
human being and a dedicated, caring teacher to all his students:
the late Dr. Ronald Francis, with all my respect and unexpressed
gratitude. Without his moral support and enthusiasm
this work would not have been possible.
ACKNOWLEDGEMENTS
I would like to thank Dr. G. R. Bird wholeheartedly for carrying on my
research advisor's, the late Dr. R. Francis, responsibility and help
ing me to put this paper together. Also I would like to thank him for
his excellent discussion on photochromism and related properties of
the compound under investigation. I would like to thank Dr. L.
Romsted for his contribution and suggestion in analyzing my results.
Finally I would like to thank Dr. C. Bell for his assistance in the









List of Figures viii
List of Tables ix
I INTRODUCTION 1
II EXPERIMENTAL PROCEDURE 13
Triarylmethane leuco hydroxide
and leucobisulfite preparation 13
Construction of Optical Density
Measurement Apparatus 18
Operation of the Test Apparatus 22
Optical Density Measurement 22







1 Response of Typical Photochromic Com- 2
pound to Activating Radiation
2 Effect of Solvents on Reaction Sensi- 7
tivity (p)
3 View of the Markson LJ-17-Q-10 micro 19
cell
4 Schematic Diagram of Exposing Unit 20




1 Test Solvents and Brownstein Coefficients 8
2 Sources of Dyes used in Preparation of Leucocom- 13
pounds
3 Determination of Extinction Coefficient for 16
Malachite Green Leucohydroxide and Crystal Violet
Leucohydroxide at the Wavelengths of Maximum
Absorption
4 Conditions under which Leucocompounds were Syn- 17
thesized and Purified
5 Names, Structures, and Hammett Substituent Con- 27
stants of Triarylmethane Leucohydroxides Tested
6 Dominant Wavelength of Dyes and Colored Leucohy- 28
droxides in Test Solvents
7 Calculated Values of KT of Malachite Green
Leu- 29
cohydroxide in Ethylene Glycol at Different Sodium
Hydroxide Concentrations
8 Effect of Sodium Hydroxide on the Kinetics of 30
Malachite Green Leucohydroxide in MWD
9 Fatigue Study of Malachite Green Leucohydroxide in 32
MWD
10 Effect of Sodium Hydroxide Concentration on the 34
Halflife and Recombination of Crystal Violet Leu
cohydroxide in MWD
11 Effect of Sodium Hydroxide on the Photochromic 35
Behavior of Crystal Violet Leucohydroxide in
Ethylene Glycol
12 Effect of Sodium Bisulfite
Concentration on the 38
Photochromism of Malachite Green Leucohydroxide in
Differeant Solvents
13 The Effect of [NaHSO,] on the
Recombination Rate
of Malachite Green
Leucohydroxide in Ethanol with




The word photochromism is composed of two syllables: photo
(light) and chrom (color); the suffix means a coloration by light.
When it was first observed, photochromism was associated with the
reversible, light- induced chemical processes that result in a change
in the visible absorptance of the compound. However, the recent
literature indicates that the phenomenon is exhibited over a spectral
range wider than the visible region/
'
In this work, photochromism
is defined as a reversible change of a single chemical species between
at least two states having distinguishably different absorption spec




In the literature, one generally finds that the photon energy inducing
(2)
A -> B ( hv) usually ranges from the ultraviolet to the infrared.
'
The change in the reverse direction is thermally induced and usually
occurs spontaneously. The single chemical species may be a molecule
(such as in the present work) or an ion. The product (B) may be a
single chemical species. If the species (represented by B + OH , for
example) recombines to give A, then this cycle can be repeated. If
the recombination of B does not give A or less than a 100 per cent
yield then it exhibits fatigue. This will be discussed in detail
later in the paper. Thus B may be the cis form of trans-A, the dye
cation and hydroxide anion from a triarylmethane leucohydroxide (A) .
or a free radical. It may also represent
a color center in an
inorganic solid formed by trapping of free carriers. There may be a
metastable ground state intermediate between A and B, such as an ion
pair, which is more likely to disintegrate into the observed ions.
Normally B is in the ground electronic state . An electronically
excited molecule usually fluoresces , phosphoresces , or converts the
excitation energy to heat. The excited molecule may also undergo an
irreversible chemical change to something other than A (in this work
the irreversible step has been assumed to be the oxidation of dye to
some quinone, which is a non-photochromic compound and a product of
the fatigue reaction). Figure [1] shows the typical response of a






Response of Typical Photochromic Compound
to Activating Radiation
Photochromic behavior follows chemical
kinetics. Considering an A to B
conversion, one
finds that only certain
wavelengths of radiation will
excite A. According to
Einstein's Photoequivalence Law, each quantum
of energy
absorbed by the
photochrome creates an excited molecule
provided hi/ - Eg-Eg. The Grothuss -Draper Law says that only the radia
tion that is absorbed can produce a chemical change. The number of
photons absorbed is controlled by such factors as concentration and
extinction coefficient of the photochromophore and by the wavelength
and flux of the exciting radiation. The length of the cell, and
screening through absorption of other components (e.g. the solvent)
must also be considered. The exciting radiation must be of sufficient
energy to activate the photochromic species so that it will pass over
the most favorable minimum energy barrier during the conversion of
state A to state B. When some fraction of excited molecules fail to
undergo the conversion to state B, the quantum yield is found to be
less than unity. The quantum efficiency may be attributed to deac
tivating processes for the activated molecules such as fluorescence,
phosphorescence, conversion to heat, and permanent chemical change to
species other than B.
Of the different processes of photochromism, heterolytic cleavage
is one of the most extensively studied. One class of compounds that
undergo heterolytic cleavage is the triarylmethane leuco compounds
such as the leucohydroxides and leucobisulfites^
, the classes of
compounds studied here. The exciting radiation cleaves the C-0 bond
in leucohydroxide and probably the C-0 bond in leucobisulfite and pro
duces charged moities (especially the triarylmethane dye cation) which
may exist as isolated or solvated ions . These moities may be rela
tively stable and unreactive due to their chemical configurations, but
in most cases they thermally recombine and regenerate the original
molecules (fading) or participate in fatiguing reactions. There are
two factors from the substituents on the aryl groups which influence
the photochromism of the photochromic compounds, namely induction and
resonance (mesomerism) . Although these substituent effects are
exceedingly intricate in origin they may be correlated with substi
tuent parameters derived elsewhere to describe changes in acidity or
reactivity of aromatic molecules produced by chemical
substituents^
.
The effect of a given substituent on reaction rates or equilibrium
constants is effectively consistent, qualitatively at least, through
the whole spectrum of reaction types .
'
The basic aim of the Hammett equations is to evaluate the degree
of this consistency in quantitative terms. This involves elucidating
the contribution of inductive and resonance effects to free energy on
going from one side to the other of an equilibrium or from the ground
to the transition state of a reaction. Such free energy changes will
be proportional to the logarithms of the rate or equilibrium constant.
AG - - R In K [2]
The effect of substituents in the benzene nucleus on the acidity of
benzoic acid is expressed in terms of pK , and the quantitative expla
nation of such effects in terms of induction and resonance forms a
(4)
specific example of the ideas generally expressed above. It is also
convenient in that for meta- and
para- substituted benzoic acid
derivatives, electronic factors are very unlikely
to be complicated by
steric interactions between substituents and
reaction site. A quanti
tative measure of these electronic
effects is thus given by the
difference between the pK value of the
substituted benzoic acid and
9.
that of benzoic acid itself/ A parameter, the substituent constant
(ct) , may thus be defined by Equation [3] for the equilibrium given by
Equation [1]
ox





K = Equilibrium constant
for substituted Benzoic Acid
K - Equilibrium constant
a
for non- substituted Benzoic Acid
which is a measure of the size of such effects for a given substi
tuent. The substituent constant (a) has been arbitrarily defined in






Electron withdrawing groups such as -NO- increase the value of K
in Equation [1] because they stabilize the carboxylate anion. Thus
the pK is smaller than that for benzoic acid and the substituent
coefficient is consequently positive. Electron donating groups, such
as CH-, decrease K and thus the substituent coefficient will be nega
tive. The linearity of a plot of log(K/KQ) against a
reveals that the
dissociation of benzoic acid responds in the same manner to the influ
ence of
meta- and
para- substituents with the slope (p) . which has a
constant value and is a measure of the sensitivity
of the reaction or
equilibrium to electronic substituent effects, being by definition
unity for the
dissociation of benzoic acid in water at 25 C. A posi
tive slope indicates that electron donating
groups decrease the extent
of dissociation, while electron withdrawing groups increase it. As
another example of substituent effects, the carbon atoms of the car-
bonyl group of an ester will become more reactive towards nucleophiles
with electron withdrawing groups present since the electron donor sub
stituents retard the rate of the hydrolysis and electron acceptors
accelerate it. Thus, in general, one can write
log(K )
- a p [4]
o
where K is the rate constant for the side chain reaction of m- and p-
substituted benzene derivatives and K
,
the rate constant for the
o
unsubstituted compound, calibrates the scale of substituent effects
with respect to the particular compound and reaction.
For more complicated compounds having more than one substituent,
Equation [4] takes the following form
log(K








which, for compounds with multiple substituents,
becomes
log(K
) - P (nla1
+
n2a2




The value of p can be greatly
affected by the choice of solvent, while
a values seem to be unaffected by choice of solvents.
Figure [2] indi
cates two p values (-2.72, -2.37)
for the reaction of quaternization
of substituted






Effect of Solvent on Reaction Sensitivity (p)
(4)
It is evident from the two curves that the correlation of log(K/K )
versus a is excellent. These researchers also investigated the sol
vent effect of p-xylene, nitrobenzene, bromobenzene, methanol,
methylethyl ketone, tetrahydrofuran, and chloroform and found that p
values varied from one solvent to another, each solvent giving a
highly accurate correlation with a values. A work by Smith showed
that the rates of vapor phase reaction, in the complete absence of
solvent, also correlated with the Hammett Equation. This also indi
cates that the correlation holds even at about 354 C.
Brownstein^
has studied, the effects of solvents upon equili
brium, spectra, and reaction rates of benzoic acid in different sol
vents as shown in Table [1] . It has been shown that the effect of
solvents on a wide variety of equilibria, reaction rates, and spectral
shifts may be described by the following equation which is derived by
using the Brownstein relationship
log(^olyent) _ g R [?]
ethanol
where S is a constant related to the polarity of the solvent and R is
a measure of the sensitivity of the system to changes in solvent
polarity.
Table [1]












photochromic compounds is complicated by the
diversity of





suggested a straightforward mechanism for the leuco-
cyanide dyes which is not adequate to explain all the experimental
observations :




Brown, et. al. concluded that a rather different mechanism was
responsible based on their own experiments. They suggested the fol
lowing two mechanisms :
in a nonpolar solvent







in a polar solvent





They indicated evidence of a long-lived intermediate ion pair which
relaxes back to the original molecule in the ground state in non-polar
solvents. This intermediate ion pair will become solvated and,
depending on the strength of the polarity of the solvent, will give a
solvated colored species. This colored species will eventually
recom-
bine through a diffusion limited reaction with the cyanide ion and
produce the original colorless molecule. A detailed reaction scheme
(14)













Fatigue is the loss of reversible reactivity the solution under
goes after being subjected to repeated exposure to UV light and/or
severe pH change. In one type of fatigue the solution stays colored
and does not fade which means that the rate of reverse reactions
(Equation [1]) is essentially zero. In another type of fatigue the
solution shows no density or color change upon exposure regardless of
all other conditions such as temperature, pH, light intensity, etc.
Fatigue does not take place abruptly. It is a gradual deterioration
of the photochromic dye molecules in the solution. The existence of
fatigue and lack of any conclusive study on
this effect in the litera
ture
(15)
is an impediment to practical photochromic application of
11
strongly absorbing molecules. (During testing, we observed that some
bleached and fatigued dye solutions looked amber (light brown, a
degradation product) in the case of fuchsine leucohydroxide.) The
oppositely fatigued solution (crystal violet leucohydroxide) remained
colored. Some solutions fatigued rather quickly after 5-10 cycles
while others fatigued only slowly, some gave longer and longer fading
time after each exposure . If one of these permanently colored solu
tions was treated with 1.0M NaOH to decolorize it, it would bleach and
show no further change upon exposure . We did investigate malachite
green leucohydroxide for fatigue by NMR spectroscopy. We used the
same solution, ran the NMR after each exposure, and noticed the gen
eration of a new peak about 5-6 (de-shielded aromatic products) .
There is another possible mechanism (illustrated below for MGOH) which
has not been experimentally verified but it is
important to explore
whether a quinone final product acts as a quencher or whether quinone





Also it is possible that both phenomena are taking place at the same
time. One of the photochemists at the Photo Science Division
believed strongly in free radical formation of the dye and the termi
nation by the reaction of two free radicals . The following sequence
may give an explanation of this effect which is consistent with our
observations of yellow brownish fatigued solutions likely to contain













A: Triarylmethane Leucohydroxide and Leucobisulfite Preparation
Initial attempts to synthesize ten leuco compounds (malachite
green, fuchsine, new fuchsine, crystal violet, and brilliant blue leu
cohydroxide and leucobisulfite) using Tobin's procedure
^
failed to
give sufficient yield of these compounds to perform the experiments.
The parent dyes listed in Table [2] were treated with charcoal and
recrystallized from a 50/50 water/isopropanol solution except
malachite green oxalite which was 98 percent pure. These dyes were
consistently soluble in H_0/NaOH and there was no need for Tobin's
organic solvent interface for the reaction mixture .
Table [2]
Sources of Dyes used in Preparation of Leucocompounds
Malachite Green Oxalate Fischer Scientific
Brilliant Blue Perchlorate Verona Dyestuff Division.Mobay Chemical
Corporation, Union, NJ
Fuchsine Chloride Pylam Products Company
Queens Village , NY
New Fuchsine Chloride Pylam Products Company
Crystal Violet Perchlorate E. I. du Pont
The rate of the formation reaction (decolor ization) varied from one
dye to another, ranging from
completion in 2 hours (malachite green
leucohydroxide) to 2 days (new fuchsine leucohydroxide)
. The isolation
14
of the products (white precipitateyor pale yellow precipitates) from
the reaction mixture was extremely difficult, especially if it was
attempted under ordinary room light, since the colorless pure product
became colored upon exposure to room light (caused by residual ultra
violet radiation from the fluorescent overhead lights). This diffi
culty was overcome by working under low intensity red light and
periodically examining some of the sample under appropriate lighting
conditions .
The pure white crystals were more stable under aqueous solution
under ordinary room light. Crystal violet leucohydroxide (CVOH) was
the most sensitive, and because of this, a sample could not be
obtained as pure as malachite green leucohydroxide . This meant that
for every single measurement it was necessary to add one or two drops
.3
of 1.0M NaOH to a 10 ml solution of 5 X 10 M crystal violet leucohy
droxide in the solvent under investigation to decolorize the residual
CV to CVOH. These low yields resulted from factors such as reaction
rate of the parent dye with the hydroxide ion being much slower than
the rate of uptake of carbon dioxide present in the air, resulting in
neutralization of alkali with no perceptible decrease in color inten
sity of the reaction
mixture. This difficulty was partially overcome
by the addition of a large
excess of hydroxide ions. Another reason
for the low yield of fuchsine leucohydroxide
and new fuchsine leucohy
droxide is possibly the
steric hindrance of meta-methyl substituents
in these compounds which is
absent in malachite green leucohydroxide
and crystal violet
leucohydroxide. Albrizzio, Archila, Rodulfo, and
Cordes(11)
extensively
investigated the extent of the reaction of the
15
crystal violet parent dye with NaOH in the presence and absence of
cationic catalyst surfactants, and measured the rate constant of the
first order reaction in .003M NaOH at 30C to be .040 min . They
calculated the rate constant of the same reaction in the presence of
micelles of n-octdecyl sulfate as the surfactant to be 1.2 min . It
is obvious from their data that a good yield of leuco dyes is obtain
able without interference . While the surfactant requires less time and
fewer techniques , the questions are : how and to what extent can one
isolate the leuco dyes from the surfactants and does a trace of sur
factant impurity inhibit the intrinsic photochromic properties of the
dyes?
16
Each leuco dye was isolated from the reaction mixture differently
as shown in Table [ 3 ] ,
Table [3]
Conditions under which the Leucocompounds














































3 10 C Methanol 30
8 25C DMSO 10
24 25C Methanol 20
2 25C 50/50 Iso-
propanol and 0 . 5M
NaHS03
40
(a) This ratio was optimized experimentally
for maximum yield.
(b) Temperatures higher than
these apparently shifted the
equilibrium
toward the reactants .
(c) All crude products were
treated with charcoal and filtered before
crystalization under red light.
and tested at the
wavelength of maximum
absorption (Amax) in six dif
ferent solvents listed in
Table [1] . This wavelength was
determined
17
for each dye by acidifying the leuco dye solution and measuring the
\nax n a Cary-17D Spectrophotometer. With this method, we also were
able to determine the peak molar extinction coefficient of malachite
green leucohydroxide and crystal violet leucohydroxide in their neu
tral and acidified forms in ethanol (see Table [4]).
Table [4]
Determination of Extinction Coefficients for
Malachite Green Leucohydroxide and Crystal Violet Leucohydroxide















,24 2.74 290 255 50
4.8xl03 5.5xl04
,26 620 2.7 9.6x10
,38 1.42 290 257 50
7.6xl03 4.8xl04
22 .18 590 560 2.7
8.2xl04 6.7xl04
The use of other solvents gave almost the same A to within 2 nm.
max
The accuracy of these (A ) measurements was confirmed using the test
apparatus . This means that the nature of the photoinduced colored
forms is probably the same as the ionized (acidified) form and, also,
the same as the parent dyes, spectroscopically.
The conditions under which the leucohydroxide compounds were
purified were not generally effective for
the crystallization of the
leucobisulfite compounds except for the malachite green since the leu
cobisulfites were very soluble and
it was very difficult to separate
18
these products from their reaction mixtures. Qualitatively it was
verified that the leucobisulfites were formed.
B: Construction of Optical Density Measuring Apparatus
This apparatus was constructed by Bayley for his Rochester Insti
tute of Technology Master's thesis. This unit consists of a quartz
spectrophotometer cell to hold the dye solution, two Honeywell
Stro-
bonar 202 forty joule strobe lamps for exposing the dyes, a Bausch and
Lomb Spectronic 20 monochromator to provide monochromatic illumina
tion, a Macbeth RD-100 Reflection Densitometer, modified so as to
measure the monochromatic density of the dye solutions at any time,
and a Hewlett-Packard HP7015A X-Y plotter for plotting optical density
as a function of time. Figure [3] shows the cell. Figure [4] shows a
schematic of the apparatus. Figure [5] is a photograph of the actual
apparatus. The entire apparatus was mounted on a rigid
plywood base.
It was necessary to
recalibrate the monochromator in wavelength
because the original exit slit had been removed.
This was accom
plished by placing a dichroic
interference filter between the slits.
The monochromator was set at the
same wavelength as the filter's max
imum transmittance and the
mirror on the Spectronic 20 was rotated to
give minimum
absorbance as measured at
the output of the Macbeth pho
tometer. The absorbance
output from the Macbeth photometer
was
recorded by a strip chart
recorder on the HP7015A.
19
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C: Operation of the Test Apparatus
.
1 Turn on all equipment and allow a 30 minute warm up period.
Select the desired wavelength on the monochromator from
prior examination of absorption spectra.
3 Insert the sample cell containing the pure solvent. Adjust
the pen deflection to zero absorbance on the chart recorder.
4 Place a 2.0 neutral density filter representing the full
scale measurement in the optical path directly behind the
sample cell. Then adjust the pen deflection to full scale
on the chart recorder. It was necessary to correct the zero
for each change in wavelength and/or solvent. The spectro
photometer was proven to be linear to within 1 per cent of
the full scale (A - 2.0) by inserting neutral density
filters of known intermediate densities. The effect of room
light on absorbance readings was checked and found to be
negligible. (Solutions were freshly made and were exposed to
room light for only a few minutes . )
D: Optical Density Measurement
Optical density is the
quantitative measure of color intensity of
a solution, and
changes of optical density with time gives a
measure
of the rate of
photochromic change. Each solution
was made by dis
solving 10 mg of
dye in 10 ml of solvent and
was tested in a series of
23
solvents listed in Table [1] using the optical density measuring unit
(see section B and Figure [4]). The solution was carried in a Markson
LJ-17-Q-10 microcell of irradiating path length 2 millimeters and
viewing pathlength of 1.0 cm as shown in Figure [3]. The cell was
then placed in the apparatus sample compartment (see Figures [3] and
[4]) and was irradiated by ultraviolet rich radiation by using the
flash- trigger to produce a pulse. The colorless solution turned
colored spontaneously upon exposure to the UV-rich pulse, reaching its
maximum intensity at the end of the flash and fading through its half
maximum absorbance after a period of time. In almost all cases, the
time-decay of visible absorbance could be fitted with a single
half-
life (pseudo first order kinetics). This time period, which is
defined as the halftime (t^) by many investigators, and is shown in
Figure [1], varied from solvent to solvent and dye to dye. Also, it
was extremely pH sensitive. From these measurements,
maximum absor
bance (A ) and halflife (t, ) were recorded for data analysis and are
max *i
shown in related tables. During these experiments we encountered
severe interference from atmospheric C0. As mentioned earlier, almost
all of these dye solutions are pH sensitive. Due to this difficulty
we could not collect a
consistent set of fading times for the solu
tions under investigation. It prevents the
return reaction (recombina
tion) by removing all of the photolytically
formed and resulted in
a colored solution
with a much lower rate of thermal
recombination
(fading) and increased fading
time. This effect was more severe in
some solvents such as
chloroform and less pronounced in other solvents
such as MWD (see Table [8]) which is a
mixture of 70% methanol, 28%
24
H20, and 2% dimethylsulfoxide. When the solution was bubbled with N
prior to exposure
, the problem was much more controllable but not com
pletely removed. Our conclusion was that reproducible observations on
the dark recombination reaction must be made under a nitrogen atmo
sphere. Unfortunately, we lacked such facilities at that time. Only
the use of dimethylsulfoxide (DMSO) made reproducible observations
possible. Regretfully, the literature indicates a lack of thorough
investigation of the effect of DMSO on the rate of reaction, solva
tion, oxidation/reduction and photodegradation (fatigue) of this fam
ily of chromophores . We experienced great difficulties in performing
these experiments successfully without using the DMSO as an additive
with the solvent. We also observed that DMSO increased the extent of
the forward reaction. This poses the possibility that DMSO decreases
(13)
the lifetime of the ion pair intermediate , since it has a large
dipole moment (/x = 3.96 D) . The extent of reaction (AA ) increases
with the initial addition of DMSO. However, the addition of DMSO did
not affect the reverse reaction and t, was almost constant. It is
worth mentioning that there
was DMSO (1 to 3 per cent) present in
almost all of the solutions tested for photochromism. It partially
was necessary to make
a homogeneous solution of dye in a given sol
vent. Different solvents alter the
strength of electron donating pro
perties of chemical
substituents on the dyes so that the dyes become
more photochromic in solvents with
smaller Brownstein coefficients
(S). These favorable solvents
have lower H-bonding and stronger elec
tron withdrawing groups.
As an example, H-bonding in isopropanol
prevents the solvation of the leuco cation
and apparently allows the
25
intermediate ion pair to relax back to the original colorless molecule
with no photochromism observed. Acetone had almost the same effect.
Four of five sets of solvents gave a negative sloped Hammet plot
(AA vs Ect) for the extent of the forward reaction and one solvent
o
system (MWD) gave a positive slope. This means that the quantum yield
of the reaction increases as the electron donating properties of sub
stituents on the leuco dye decrease. This is a change in the mechan
ism of photoinduced dissociation of the carbon-oxygen bond and needs
further investigation.
E: Selection of Dyes and Solvents
The dyes were selected so that they provide a reasonable range of
values for the Hammett substituent coefficients (a) in terms of the
strength of their
electron-donating properties. As can be seen from
Table [5], the substituent coefficients range from a
-
-1.30 (brilli
ant blue) to a - -2.49 (crystal violet). Also,
these dyes were proven
to be available in very high purity.
The source and/or manufacturers
of these dyes are given in Table [2].
The solvents were selected so
that the effect of
different properties such as dielectric constant,
hydrogen bonding, and, most of all,





Five triarylmethane leucohydroxides (see Table [5]) and five
triarylmethane leucobisulfites were synthesized. Among the leucohy
droxides we could only isolate malachite leucohydroxide and crystal
violet leucohydroxide. The other three leucohydroxides did not show
significant photochromism. We attributed this firstly to the poor
choice of solvents used to provide a wide range of Brownstein coeffi
cients (see Table [1]) and secondly, due to impurities apparently
present despite good agreement between calculated and measured elemen
tal analysis. Third, possibly (we were not able to investigate this)
due to their recombination on a time scale faster than the 0.1 second
response time of the recorder, the initial AA decayed before recorder




and OH recombination could have been verified if we
had possessed a detection system with sub-millisecond time resolution.
Of the five leucobisulfites, we could only separate solid
malachite green leucobisulfite. The other four leucobisulfites
were
too soluble to be separated with available laboratory facilities. We
did examine the reaction mixture
solutions and noticed that some of
them, namely fuchsine,
new fuchsine, and crystal violet, gave higher
optical densities (at Amax) after being
exposed to a UV flashlamp.
The solutions then decayed
back to their initial density in the
absence of irradiation. No
precise values are given for their
hal-
flives because this was only
a rough test based on an
uncertain compo
sition of the reaction mixture.
New fuchsine leucobisulfite gave large
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but short-lived recorder deflections, and appears to be an efficient
photochromic material .
Table [5]
Names, Structures, and Hammett Substituent constants of
triarylmethane leucohydroxides tested.
Malachite Green leucohydroxide
2a 1.66 MW - 346
Fuchsine leucohydroxide
2a 2.05 MW - 314
New Fuchsine leucohydroxide
2a 2.18 MW - 347
Crystal Violet leucohydroxide









responsive to the UV flashlamp
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and turned to an intense green color from its colorless solution upon
irradiation. The wavelength of maximum absorption (A ) was shifted
max
approximately 5 nm in different solvents with different dielectric
constants as indicated in Table [6].
Table [6]
Dominant Wavelength of
Dyes and Colored Leucohydroxides in Test Solvents
Solvents
Ethylene Iso- Aceto-
Dye Glycol Ethanol Propanol nitrile Acetone Chloroform
Malachite
Green 625 nm 621 nm 621 nm 619 nm 621 nm 622 nm
Brilliant
Blue 632 nm 625 nm 625 nm 615 nm 625 nm 625 nm
Fuchsine 550 nm 550 nm 551 nm 540 nm 546 nm 550 nm
New
Fuchsine 550 nm 550 nm 550 nm 545 nm 545 nm 545 nm
Crystal
Violet 595 nm 589 nm 590 nm 589 nm 590 nm 585 nm
*
Wavelengths are considered accurate to 2 nm.
The colored solution faded to its original transparency through
recom
bination of carbocation with hydroxide ion in a
length of time usually
within seconds. This time has been
expressed as the halflife (t^) and
we could manipulate it to some
extent by changing the pH of the solu
tion. A summary of the
effect of pH on a 2.89 X
10"3
M solution of
malachite green leucohydroxide in ethylene
glycol is given in Table
[7]. This system, malachite green
leucohydroxide in ethylene glycol,
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is anomalous with respect to all of the other active leucohydroxides
in showing essentially no alkali dependence of the rate of return
reaction. Kinetics were run for sample 2 in Table [7] and the decay
curve follows first order, consistent with values from the literature
for a single run. To evaluate the consistency of overall second












- for all other systems
[OH ] t^
and found that the values of KTI varied with the pH of the solution.
Table [7]
Calculated K^ Values of Malachite
Green-
Leucohydroxide in Ethylene Glycol/DMSO (98/2)
at Different Sodium Hydroxide Concentrations
[OH"]10~5M t^sec) Abs (AAq) ^ [sec-1]
14.8 20.0 0.35 3.4 X
10~2
29.6 20.0 0.40 3.4 X
10~2
59.2 21.0 0.42 3.3 X
10~2
96.2 23.0 0.45 3.0 X
10"2
133.2 24.0 0.47 2.9 X
10"2
The values for K (K, = 3.2.2) are close enough to assign pseudo first
order to the recombination reaction of MG in OH , indicating that the
rate of recombination is independent of [OH ] .
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The same experiment was conducted and the kinetics were deter
mined using Equations [8-a] and [8-b] for malachite green leucohydrox
ide in MWD (methanol:water: dimethylsulfoxide - 70:28:2). We also cal
culated the order of the reaction of malachite green leucohydroxide in
MWD with respect to [OH ] to be 0.5 and found that these values of K
are more consistent than the values for KT and KT_ (see Table [8]).
Table [8]
Effect of Sodium Hydroxide Concentration on the
Kinetics of Malachite Green Leucohydroxide in MWD
[OH~]10~5
Abs (AA ) S





7.4 0.31 3.0 0.23 3.1 X
103
27
10.1 0.27 2.5 0.27 2.7 X
103
28
14.8 0.24 2.0 0.34 2.3 X
103
28
18.5 0.19 1.5 0.46 2.5 X
103
34
29.6 0.10 1.5 0.46 1.6 X
103
27
37.0 0.11 1.0 0.69 1.9 X
103
36
39.4 0.07 1.0 0.69 1.8 X
103
35










Calculated using Equation [8-a]
with [OH ]
From the above data we can





with in MWD which is consistent
with the literature
mechanism. Our value for the
second order rate




as compared to 5.41 from
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( 18^
the literature , we attribute this large variation to the limited
sensitivity of our detection system in measuring lifetimes as short as
one second. The behavior of this compound in two different solvents is
a puzzle to us . A comparison of Table [7] and Table [8] indicates that
in ethylene glycol the halflife and optical density are nearly invari
ant as the alkalinity of the solution was increased while in MWD the
halflife and optical density decreased as the alkalinity of the solu
tion increased (the expected kinetic pattern). Since the values for
the rate constants of malachite green leucohydroxide in MWD are large ,
the lower values of the optical densities at higher pH are due to the
simultaneous recombination of MG and OH while the exposure is still
in progress, and to the limited response time of the recorder.
j
A 2.89 X 10 M solution of malachite green leucohydroxide in MWD
was made and treated with 9.3 X moles of sodium
hydroxide to
suppress protonation. This solution was repeatedly
irradiated with a
UV flash to investigate the behavior of the
compound in response to
long-term exposure under constant conditions.
We have adopted the
term fatigue to express this effect.












Malachite Green Leucohydroxide in MWD









As can be seen from Table [9] , malachite green leucohydroxide is not
stable and photodegrades to other species which cannot be identified
due to their low concentrations. However, we would like to comment on
the possibility of the formation of quinone
and Michler's Ketone (see
the mechanisms on the formation of these byproducts in the Introduc
tion) . This is consistent with the amber
color of a completely
fatigued solution after being exhaustively exposed to the UV flash
4
(Michler's ketone has e = 268 at A
= 370nm and e = 1.7 x 10 at
A = 390nm and its absorption overlaps the
visible region) . It is
worth mentioning the
constant values for the halflife which suggests
that the solution behaved the
same in the presence and absence of
pho-
todegradation products. The degradation
products should be at too low
concentration to act efficiently as
quenchers.
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We also tested malachite green leucohydroxide in other solvents.
A 2.89 X 10 M solution of malachite green leucohydroxide in acetone
was irradiated with a UV flash and there was no response. Addition of
sodium hydroxide in different concentrations brought about no change.
Similar results were obtained with 2.89 X
10"
3M solutions of malachite
green leucohydroxide in DMSO and DMF. A 2.89 X 10"3M solution of
malachite green leucohydroxide in acetonitrile gave no visible optical
density upon irradiation. The addition of 1.48 X 10
"4
moles of sodium
hydroxide to this solution lead to an optical density of 0.05 upon
irradiation. This did not fade in the absence of exposure; instead,
the optical density of this solution kept increasing. This can be
explained in terms of the reaction of the hydroxide ion with carbon
dioxide present in the atmosphere. We are confident that acidifica
tion by ambient carbon dioxide caused the optical density of the dye
in almost every solvent to increase (When I blew into the solution
through a straw for a demonstration, the clear solution of fuchsine
leucohydroxide in MWD turned dark pink, even though this compound did
not show any optical or color change upon exposure to UV light) . When
.3
we added 1.3 X 10 moles more of sodium hydroxide to the solution
there was again no measurable decrease of optical density after irra
diation. The only contribution of
this excess sodium hydroxide was
that the optical density did not increase in the dark. However, it
also did not recombine to its colorless form.
A 10 ml sample of a
2.89 X 10 "3M solution of malachite green
leucohydroxide in iso-
propanol was irradiated with the UV flashlamp and produced an optical
density of 0.03 which rose to
0.1 without further exposure. Repeated
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UV irradiation of the colored solution decreased its optical density
by 0.02. Introducton of 1.3 X
10"4
moles of sodium hydroxide to the
solution bleached it to its original colorless form which did not
respond to further exposure .
_ 3
Solutions of 2.6 X 10 M crystal violet leucohydroxide in dif
ferent solvents were tested to detect photochromism and observe its
kinetic criteria. The results are summarized in Table [10].
Table [10]
Effect of Sodium Hydroxide Concentration on the Halflife
and Recombination Rate of Crystal Violet Leucohydroxide in MWD
Run
[OH~]10~5
Ab s (AAQ) ^(sec) KT (sec )
2 22.2 0.08 25 2.8 X
10"2
3 25.9 0.07 24 2.9 X
10"2
4 44.4 0.07 19 3.6 X
10"2
5 48.1 0.07 20 3.5 X
10"2
The pseudo first order rate constant (KT) of the rate of (recombina
tion) reaction of crystal violet leucohydroxide was obtained using
Equation [8-a] . As can be seen from Table [10] the rate of recombina
tion of crystal violet leucohydroxide in MWD increased, but only
slightly, as the concentration of sodium
hydroxide increased. We are
not certain at present about the exact
mechanisms of the photocleavage
of crystal violet leucohydroxide, since we
did not observe any optical
density changes in the
colorless fresh solution of crystal violet leu
cohydroxide upon UV irradiation. But after treating the colorless
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crystal violet leucohydroxide solution with concentrated hydrochloric
acid bring the solution to its highest optical density change and then
using a 1.0M solution of sodium hydroxide to bleach it back to a
colorless state, exposure of this treated solution with the UV
flash-
lamp produced the optical density changes listed in Table [11] . As
odd as this appears
,
the above proved to be the only method used that
yielded any photochromism by crystal violet leucohydroxide. However,
we could not indefinitely apply this technique , because the solution
started becoming milky after being subjected to this treatment.
Crystal violet leucohydroxide was also tested in ethylene glycol.
A summary of the data is given in Table [11] .
Table [11]
Effect of Sodium Hydroxide on the Photochromic Behavior of





t^ [sec] K1T (M"1sec"1) KI
(sec )






















































Crystal violet leucohydroxide was found to have a long halflife in
ethylene glycol in the absence of sodium hydroxide. As can be seen
from Table [11] the halflife decreased as alkalinity of the solution
was increased. We hesitate to assign any order to this reaction based
on this data. What one might conclude from these measurements is
that at higher concentrations of sodium hydroxide the recombination
rate of CV with OH increased, suggesting an overall second order
recombination reaction of OH with
CV+
ions. A plot of log(KT) versus




A comparison of the kinetics data of malachite green leucohydrox
ide in ethylene glycol with crystal violet leucohydroxide in ethylene
glycol highlights the different behavior of these compounds.
Malachite green leucohydroxide in ethylene glycol has longer recombi
nation halflives as the concentration of sodium hydroxide increases
whereas the recombination halflife of crystal violet leucohydroxide in
ethylene glycol decreases with increasing sodium hydroxide concentra
tion, as expected for an overall second order reaction (A similar con
clusion is reached in Ref. (10)).
A 2.6 X M solution of crystal violet leucohydroxide in
acetone demonstrated no optical density changes upon exposure to irra
diation with a UV flashlamp regardless of the sodium
hydroxide concen
tration. A 2.6 X
10"3
solution of crystal violet leucohydroxide in
ethanol with no sodium hydroxide
demonstrated no change in optical
density upon irradiation
with a UV flashlamp. The addition of various
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amounts of sodium hydroxide resulted in changes in the optical density
of 0.040.01 which did not fade (recombine to its original colorless
state) . Treatment with concentrated hydrochloric acid and the subse
quent bleaching with 1.0M sodium hydroxide resulted in more or less
acceptable photochromic behavior. We encountered difficulty in treat
ing the crystal violet leucohydroxide solution with hydrochloric acid
and bleaching it to its original colorlessness. This treatment caused
some turbidity in these solutions which resulted in noisy spectra mak
ing determination of the halflife imprecise. However, no consistent
response to pH change was observed. Solutions of crystal violet leu
cohydroxide in DMSO, DMF, and acetonitrile did not produce any photo
chromism. A test of crystal violet leucohydroxide in chloroform indi
cated that in addition to constant protonization of this compound by
the ambient carbon dioxide, a free radical chain reaction caused this
solution to exhibit a very high optical density (7.0 as compared to
the normally observed
maximum of 0.5). In addition, the optical den
sity kept increasing even in
the absence of UV irradiation (after fol
lowing one solution for over
eight hours the optical density was still
increasing) .
Malachite green leucobisulfite was the only
triarylmethane leuco
bisulfite that could be isolated. It





given in Table [12].
Table [12]
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Effect of Sodium Bislfite Concentration on the Photochromism of
Malachite Green Leucobisulfite in Different Solvents













































































All solvents contained 2 to 5 percent of DMSO.
As is evident from Table [12] , the recombination reaction did not
occur in the presence of oxygen. This we attribute to the oxidation
of the sulfite ions (HS0_~) to sulfate ions by ambient oxygen, which
depleted the solution of photo- induced sulfite ions resulting in a
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permanently colored solution. By bubbling nitrogen through the solu
tion we more or less overcame this problem, but since the cell con
taining the solution was not airtight there was a gradual oxidation of
the sulfite ions resulting in noisy curves . The addition of excess
sodium bisulfite to the solution under investigation helped to minim
ize the oxygen interference. For malachite green leucobisulfite in
ethanol and in MWD the halflife decreased as the concentration of
sodium bisulfite increased. Table [13] shows the [NaHSO_] dependence
of malachite green leucobisulfite in ethanol with a pseudo first order
-3 -3
rate of reaction, ranging from 9.9 X 10 to 36.4 X 10 and a second
3 3
order rate constant KTI ranging from 1.03 X 10 to
1.98 X 10 using
Equation [8-b] , indicating a second order recombination reaction of
MG+
with HS0~. A plot of log(K].) versus log ([NaHS03]) gave a slope
of 0.64 indicating almost the same behavior of malachite green
leu
cohydroxide in excess sodium hydroxide as malachite green leucobisul
fite in excess sodium bisulfite.
Table [13]
The Effect of [NaHSOJ on the Recombination Rate of
Malachite Green Leucobisulfite in Ethanol with
Bubbled Nitrogen for Two Minutes Prior to Testing
Abs (AAQ) th (sec)
[NaHSO3]10~6M K^lO^sec"1)










An interesting behavior was noticed during the investigation of
malachite green leucobisulfite under repeated exposure. Most of the
triarylmethane leucohydroxide dyes showed a pronounced decrease in
their optical density upon repeated exposure while their halflives
remained constant. However, repeated exposure of malachite green
leucobisulfite did not decrease the optical density but the halflife
became longer with each exposure. Since our investigation of the leu
cobisulfites was limited to malachite green leucobisulfite by the high
solubility of the other four compounds (see Table [5]) and the diffi
culties involved in the separation of their leucobisulfite products
from their reaction mixtures, we hesitate to draw any conclusions
about the leucobisulfite photochromic dyes. We do believe that there




Malachite green leucohydroxide is a photochromic dye with a high
yield of photodissociation and pseudo first order recombination in
ethylene glycol in the presence of a fixed excess sodium hydroxide.
It is not stable and photodegrades
substantially with each UV flash
exposure. It was not too sensitive to carbon dioxide present in the
air as compared to the other leucohydroxides (see Table [5]). The
halflife of the photoinduced optical density can be shortened or
lengthened by the addition of high or low concentration sodium hydrox
ide, respectively.
Crystal violet leucohydroxide is a photochromic dye. We could
not assign any reaction order due to a lack of consistent measurements
resulting from its high sensitivity to carbon dioxide. An atmosphere
of pure nitrogen is the main requirement for a thorough investigation
of this compound. However, it is worthwhile mentioning that this com
pound did not seem to follow the expected photochromic characteristics
as were observed in malachite green leucohydroxide .
Malachite green leucobisulfite is a photochromic dye with a rela
tively small photoinduced optical density. The optical density never
exceeded 0.1 which is low on our scale (a 1.0 neutral density filter
was used to calibrate the recorder to values between 0 and 1) . These
low densities caused an inaccuracy in our measured data which proved
to be very difficult to analyze. An
atmosphere of nitrogen is
required in general for the testing of leucobisulfites and malachite
42
green leucobisulfite in particular since we believe that atmospheric
oxygen oxidizes the sulfite ions and hence there will be no paired
electrons for the formation of the covalent bond, resulting in a per
manently colored solution triarylmethane carbocations in the solution.
Finally, as practical photochromic systems, I do not recommend these
two sets of compounds for applications such as chemical switches for
computers, reusable storage media, photochromic microimages,
control
of radiation intensity, protection against sunlight and intense
flashes of light, protection against laser radiation, and camouflage
since in the practical world of ours we have to breathe oxygen and
exhale carbon dioxide in order to stay alive and I don t see any
prac
ticality of having to use a nitrogen or helium
atmosphere wherever the
application of these compounds is desired.
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